Polyomaviruses (PyVs) are considered to be highly host-specific in different mammalian species, with no well-supported evidence for host-switching events. We examined the species diversity and host specificity of PyVs in horseshoe bats (Rhinolophus spp.), a broadly distributed and highly speciose mammalian genus. We annotated six PyV genomes, comprising four new PyV species, based on pairwise identity within the large T antigen (LTAg) coding region. Phylogenetic comparisons revealed two instances of highly related PyV species, one in each of the Alphapolyomavirus and Betapolyomavirus genera, present in different horseshoe bat host species (Rhinolophus blasii and R. simulator), suggestive of short-range host-switching events. The two pairs of Rhinolophus PyVs in different horseshoe bat host species were 99.9 and 88.8 % identical with each other over their respective LTAg coding sequences and thus constitute the same virus species. To corroborate the species identification of the bat hosts, we analysed mitochondrial cytb and a large nuclear intron dataset derived from six independent and neutrally evolving loci for bat taxa of interest. Bayesian estimates of the ages of the most recent common ancestors suggested that the near-identical and more distantly related PyV species diverged approximately 9.1E4 (5E3-2.8E5) and 9.9E6 (4E6-18E6) years before the present, respectively, in contrast to the divergence times of the bat host species: 12.4E6 (10.4E6-15.4E6). Our findings provide evidence that short-range host-switching of PyVs is possible in horseshoe bats, suggesting that PyV transmission between closely related mammalian species can occur.
INTRODUCTION
The family Polyomaviridae comprises DNA tumour viruses with non-enveloped, icosahedral capsids and small, circular, double-stranded DNA genomes [1, 2] . Currently 80 polyomavirus (PyV) species, within four genera (Alpha-, Beta-, Gamma-and Deltapolyomavirus), are recognized by the International Committee on Virus Taxonomy (ICTV) [3] . The criteria for assigning new species have been delineated, including: the availability of a complete genome sequence, with early and late regions encoded on opposite strands; binomial classification of the host species and a genetic distance >15 % within the large T antigen (LTAg) coding sequence to the most closely related virus species. PyVs are known to infect a wide range of mammals, birds and fish, and their recent identification in insects and arachnids suggests an extremely ancient association with multicellular life, and that the last common ancestor of vertebrates and arthropods likely harboured at least one PyV [4] .
Mammalian PyVs are considered to be highly host specific, with long-range species jumps leading to productive infection and transmission within mammalian genera considered to be rare or non-existent [4, 5] . The circulation of simian PyVs, such as SV40 and lymphotropic PyV, in human populations is controversial [6] [7] [8] . Avian PyVs, however, such as Anser anser polyomavirus 1 (goose haemorrhagic polyomavirus; GHPV), the aetiological agent of haemorrhagic nephritis and enteritis of geese (HNEG) in geese [9] , is known to asymptomatically infect Muscovy ducks (Carina mochata) and sterile mule ducks [10] . Similarly, budgerigar fledging disease virus (BFDV) can infect multiple avian hosts in diverse bird families and thus has been formally named Aves polyomavirus 1 due to its broad host range [11] . Buck and colleagues recently proposed an intra-host divergence model to best explain the available genetic data for PyV evolution [4] . In this model, PyVs diverge more rapidly from each other than host speciation events. While this model does not allow long-range host-switching events for viruses, such as can occur in zoonoses associated with influenza virus and Ebola virus, for example, this model can accommodate short-range host-switching between closely related host species, although well-supported examples have not been reported to date.
Bats may act as reservoirs for emerging and re-emerging viral DNA and RNA pathogens, which, with the exception of lyssaviruses (such as rabies), are carried asymptomatically [12, 13] . Per individual species, bats harbour greater numbers of zoonotic viruses than rodents; they often live in large colonies, which may contribute to pathogen transmission and, by virtue of being the only flying mammalian genus, they can disseminate infectious agents over wide geographical areas [14] . Prior studies have identified significant bat PyV diversity and high rates (>20 %) of positivity using PCR-based approaches in animals sampled from the the Americas, Africa, Indonesia and New Zealand [15] [16] [17] [18] [19] [20] [21] . These analyses have also shown that bat PyV lineages are paraphyletic, with species distributed across the Alpha-and Betapolyomavirus genera indicative of multiple host-switching events over the ancient co-evolutionary history of virus and host species [15, 20] .
The Rhinolophus genus of horseshoe bats is the second most speciose bat genera, with at least 77 known species [22] . Horseshoe bats are insectivorous and are widely distributed across temperate and tropical regions in Africa, southern Europe, Asia and Australia [23] . The family Rhinolophidae are distinguished by their morphological stasis between species, despite evidence for the existence of significant phylogenetic diversity, which has made them a model for studying modes of speciation [24] . Recently, due to the limitations associated with the species identification of horseshoe bats when employing mitochondrial DNA (mtDNA) markers, such as cytochrome b (cytb), the use of multiple independent and neutrally evolving genetic loci derived from nuclear introns to delineate species with improved phylogenetic resolution has been recommended [24] [25] [26] .
We previously reported the first Rhinolophus PyV, Rhinolophus hildebrandtii polyomavirus 1, collected in Zambia [20] . In the present study, we have sought to further characterize the genetic relationships of PyVs within the family Rhinolophidae. We have identified six PyV genomes, comprising four new PyV species in two horseshoe bat species (R. blasii and R. simulator), based on pairwise identity within the LTAg coding region. We performed comprehensive genetic identification of the Rhinolophus hosts based on mtDNA and a multilocus nuclear intron dataset. We have identified that near-identical or closely related PyVs exist in separate horseshoe bat host species, and provide evidence of hostswitching events. These results suggest that short-range host-switching events can even occur for highly stable DNA viruses in the horseshoe bats we studied, and potentially in other members of this speciose mammalian genus. These findings have implications for our understanding of polyomaviral evolution and the nature of host specificity for viruses in bat hosts.
RESULTS

Identification of novel polyomaviruses in
Rhinolophus horseshoe bat species Two Zambian Rhinolophus bat species [R. blasii (n=23) and R. simulator (n=10)] were captured in Leopard's Hill Cave, Lusaka, Zambia in 2013 and the initial species identification was assessed using mitochondrial cytb gene sequencing. Splenic genomic DNA was extracted and a broad-spectrum nested PCR [27, 28] targeting the VP1 gene yielded six positive samples -two from R. blasii (8.7 %) and four from R. simulator (40 %). The full-length genomes of the PyVs were amplified by inverse PCR, cloned and sequenced by nextgeneration sequencing, and then confirmed by primer walking employing Sanger sequencing.
The genetic distances of the six Rhinolophus PyV genomes to each other and to the most closely related, previously described PyV genomes within the LTAg gene are shown in the pairwise nucleotide sequence comparison in Table 1 . Four newly proposed Rhinolophus PyV species could therefore be defined on the basis of >15 % nucleotide sequence divergence in the LTAg coding sequence to each other and to other PyVs, and their chronological order of discovery. Notably, the tentatively named Rhinolophus blasii polyomavirus 1 and Rhinolophus simulator polyomavirus 4 were 99.9 % identical over both the LTAg and their entire genomes, with only four mutations being evident (shown in red in Fig. 1 ), three of which were synonymous with a single non-synonymous mutation leading to a conservative substitution event (D202E) in the LTAg protein. Similarly, Rhinolophus blasii polyomavirus 2 and Rhinolophus simulator polyomavirus 1 were 88.8 % identical over the LTAg (86.0 % across their genomes) and thus, based on the most recent ICTV recommendations [3] , just on the cut-off (85 %) chosen to assign new PyV species. Therefore, this represented preliminary evidence for two separate instances of the same PyV species being identified in separate African horseshoe bat species.
The predicted open reading frames (ORFs) in the approximately 5 kb Rhinolophus PyV genomes displayed typical polyomaviral genome organization, with early and late regions on opposite strands, encoding LTAg, STAg, ALTO, and VP1, VP2 and VP3, respectively. Annotated PyV genomes are shown in Fig. 1 and genome features are shown in Table 2 . The early and late gene regions were separated by a non-coding control region (NCCR) with homology to previously described PyV NCCRs, and contained multiple GAGGC and reverse complementary GCCTC LTAg binding sites, as well as AT-rich regions encoding putative TATA box promoter elements (Figs S1 and S2, available in the online Supplementary Material). An ORF encoding a predicted agnoprotein of 174 amino acids was identified in the Rhinolophus blasii polyomavirus 1 and Rhinolophus simulator polyomavirus 4 genomes (see Fig. S2 ). This is slightly larger than what was previously the largest known predicted PyV agnoprotein (154 amino acids), which was, interestingly, identified in Mastomys natalensis PyV from Zambia, with which the horseshoe bat agnoprotein is also most closely related [29, 30] . Experimental validation of the function of these putative proteins is required; however, notably, the predicted Rhinolophus agnoprotein also contains hydrophobic regions located in SV40, BK and JC PyVs, which are implicated in membrane association [31, 32] . The predicted ALTO proteins (24-98 aa) are also shorter than the experimentally validated or putative ALTO ORFs in known PyVs. No virally encoded microRNAs were detected within the LTAg gene or elsewhere in any of the novel horseshoe bat PyV genomes.
Phlyogenetic analysis of the novel Rhinolophus bat polyomaviruses A phylogenetic analysis of the LTAg and VP1 proteins of the newly described Zambian horseshoe bat PyVs and other PyVs identified previously from bats, non-human primates (NHPs), humans and other mammalian PyVs is shown in Figs 2 and S3. The topologies of the LTAg and VP1 phylogenies are discordant and this is likely attributable to the differing recombination rates in these two regions, with the LTAg representing a coldspot [20] and therefore more accurately capturing the reticulate evolution of PyVs [1, 2] . For clarity, the distantly related avian Gammapolyomavirus genus was excluded from the analysis. Rhinolophus blasii polyomavirus 2 and the closely related Rhinolophus simulator polyomavirus 1, together with Rhinolophus simulator polyomavirus 3, form a discrete cluster in the Alphapolyomavirus genus. Rhinolophus blasii polyomavirus 1 and the near-identical Rhinolophus simulator polyomavirus 4 cluster with the previously described Rhinolophus hildebrantii polyomavirus 1 and Rhinolophus simulator polyomavirus 2 in the genus Betapolyomavirus (highlighted in red in Fig. 2 ). The Rhinolophus PyVs in the genus Alphapolyomavirus formed a Rhinolophus-specific cluster and segregated in a discrete highly supported clade with PyVs from bats, NHPs and humans. The most closely related known PyVs shared 67-68 % identity with Indonesian fruit bat PyVs (common host name in parenthesis): Acerodon celebensis polyomavirus 1 (Sulawesi flying fox), Pteropus vampyrus polyomavirus 1 (large flying fox) and Dobsonia moluccensis polyomavirus 1 (Moluccan naked-backed fruit bat) ( Table 1 ). The Rhinolophus Alphapolyomaviruses were also closely related genetically to South American and southeast Asian NHP PyVs, sharing 65-66 % identity with Ateles paniscus polyomavirus 1 (red-faced spider monkey, South America), 64-67 % identity with Pongo pygmaeus polyomavirus 1 (Bornean orangutan, Indonesia) and, notably, 65 % identity with Human polyomavirus 8 (trichodysplasia spinulosa-associated PyV) and, more distantly, 60 % identity with Human polyomavirus 12. The Rhinolophus Betapolyomaviruses also formed a Rhinolophus-specific cluster; Rhinolophus blasii polyomavirus 1 and Rhinolophus simulator polyomavirus 4 were 78 and 68 % identical to Rhinolophus hildebrantii polyomavirus 1 (identified from the same Leopard's Hill cave in 2012 [20] ) and Rhinolophus simulator polyomavirus 2 across the LTAg coding sequence, respectively. The Zambian horseshoe bat PyVs were also genetically related to New World NHP PyV species, with 66 % identity to Cebus albifrons polyomavirus 1 (white-fronted capuchin PyV); Saimiri sciureus polyomavirus 1 (squirrel monkey PyV) and Saimiri boliviensis polyomavirus 1 (black-capped squirrel monkey). The Rhinolophus Betapolyomaviruses were also more distantly related to North American insectivorous bat PyVs (64 %, Myotis lucifugus polyamavirus 1) and African and Indonesian fruit bat PyVs, including the Egyptian fruit bat Rousettus aegyptiacus polyomavirus 1 (also identified from the Leopard's Hill cave in 2012 [20] ), Dobsonia moluccensis polyomavirus 2, Dobsonia moluccensis polyomavirus 3 and Acerodon celebensis polyomavirus 2. Interestingly, the Zambian Rhinolophus Betapolyomaviruses were related to rodent PyVs and, notably, had 66 % identity to Mastomys natalensis polyomavirus 1, characterized from a multimammate mouse collected in Namwala, Zambia [29] . Rhinolophus polyomavirus real-time PCR and LTAg sequencing To substantiate the identification of near-identical or closely related PyVs in both R. blasii and R. simulator, we screened the spleen genomic DNA samples by real-time PCR employing three specific assays targeting the variable NCCR of the newly identified viral genomes (Table S1 ). Employing a real-time PCR assay that detected both R. blasii polyomavirus 1 and R. simulator polyomavirus 4, we identified 4/33 (12.1 %) positive Rhinolophus samples, including the SUB13_13 and SUB13_31 bat cases, from which the entire genomes were amplified, and an additional R. blasii and R. simulator positive. The R. blasii polyomavirus 2-specific assay yielded the highest prevalence: 8/33 (24.2 %) positive Rhinolophus samples, with 7/8 from R. blasii (including the SUB13_14 case) and a single R. simulator positive. Finally, the R. simulator polyomavirus 1-specific assay detected 2/33 (6.1 %) positive Rhinolophus samples. We sequenced a 1.5 kb fragment of the LTAg gene from 12/14 of these samples, and this showed that R. blasii polyomavirus 1 in SUB13_26 ( Fig. S4 ) clustered with the previously identified R. blasii polyomavirus 1 (in SUB13_13) and R. simulator polyomavirus 4 (in SUB13_31). The R. blasii polyomavirus 2 generated a further six cases from R. blasii and, interestingly, an R. blasii polyomavirus 2 in R. simulator in SUB13_33 indicated an additional putative host-switching event.
In order to examine whether the newly described horseshoe bat PyVs were present in different tissues, we extracted genomic DNA from 12 kidney tissues from the same bat cases that were PyV-positive in splenic tissue (plus SUB13_22 from Hipposideros caffer as a negative control) and examined them again by qPCR (see Table S1 ). Interestingly, both SUB13_13 and SUB13_31 were also positive for the R. blasii polyomavirus 1 and R. simulator polyomavirus 4 assays, respectively, although the C T values were 1-2 log 10 higher in the kidney tissues. The two other weaker spleen PyV positives (SUB13_23 and SUB13_26) were negative in kidney extracts. The R. blasii polyomavirus 2-specific assay, which yielded the highest prevalence in splenic tissue, with 7/8 positive in R. blasii, only yielded a single positive in kidney tissue from the R. simulator case (SUB13_33). The R. simulator polyomavirus 1-specific assay did not detect any positives in kidney extracts. To confirm the identity of these real-time PCR positives, we sequenced a 1.4 kb fragment by nested PCR of the LTAg gene from SUB13_13 and SUB13_31, confirming the R. blasii polyomavirus 1 and R. simulator polyomavirus 4 designation, and the existence of the two single-nucleotide polymorphisms [g3899a and a4151c (D202E)] in the LTAg that distinguish these two closely related PyVs in each tissue in each bat host (see Fig.  S4 ).
Phlyogenetic analysis of Rhinolophus bat host species
In order to corroborate the species identity of the hosts, which was initially based upon mtDNA sequencing and BLASTN analysis, a phylogeny of six independent nuclear introns was constructed as previously described [24] ( Fig. 3) . The Bayesian topology of the Rhinolophus species is shown in the left panel of the figure, with the ages of key nodes and the key species groups highlighted in bold and with dashed boxes. An enlarged view of the R. capensis and R. euryale species groups is shown in panels in the figure and this confirmed the species assignments of the PyV-positive samples as R. simulator and R. blasii segregating in highly supported clusters with South African and Zimbabwean cases. Furthermore, the mtDNA phylogeny also supported the species of the bat hosts, R. simulator and R. blasii, in the current study (Fig. S5 ). The GenBank accession numbers for the Rhinolophus nuclear intron and cytb sequences are provided in Table S2 .
Co-phylogeny of Rhinolophus bat host and polyomaviruses
The phylogeny derived from the concatenated nuclear intron sequences for the bat hosts R. blasii and R. simulator, and from a previously described R. hildebrandtii included as a comparator [20] , is shown in Fig. 4 . The possible solution of the virus cophylogeny was reconstructed with Jane v4 [33] and superimposed on top of the newly described Rhinolophus bat PyV LTAg protein sequences using a weighted model placing a high cost on host-switching, which showed two possible host-switching events: (1) from host R. simulator (R. simulator PyV4) to host R. blasii (R. blasii PyV1) and (2) from host R. simulator (R. simulator PyV1) to host R. blasii (R. blasii PyV2). In addition, the solution included: 1 cospeciation, 3 duplications, 2 losses and 0 failures to diverge; the cost of this solution was 11. The topologies derived from the bat host species and viral sequences were discordant, however, and the neutral hypothesis of independent evolution was favoured over that of coevolution (Parafit global=0.000208, P=0.912) by Parafit [34] . This finding was influenced greatly by the putative presence of strains originating from host-switching events and the relatively low number of viral sequences. Taken together, these findings are inconsistent with a model of strict virus/host codivergence with no host-switching, suggesting that, for certain horseshoe bat species, short-range PyV species jumps can occur.
Estimation of time to most recent common ancestor for Rhinolophus PyVs The ages of the most recent common ancestors (MRCA) in both Rhinolophus PyV genera were inferred by Bayesian approaches to clarify their relationship with the divergence events in the bat host species (Fig. 5) . The calibration points and the evolutionary rates for the viral species in this study were estimated indirectly from the calibration points reported for other PyV species and host species; therefore, the certainty of the branch lengths was limited due to underestimated effects of purifying selection on deep evolutionary branches [35] . Fig. 3 . Bayesian topology of Rhinolophus species based on a partitioned six-nuclear-intron dataset with the ages of key nodes taken from Dool et al. [24] and the key species groups highlighted in bold and with dashed boxes (n=128, 3406 bp). Enlarged views of the Rhinolophus fumigatus, R. capensis and R. euryale species groups are shown with Bayesian posterior probabilities (>0.75) and species are indicated. Individuals from the current study are highlighted in bold and colour (R. simulator, red; R. blasii, blue). SUB12_17 from Carr et al. [20] is also highlighted (in green), and a closely related individual previously captured from the same site is highlighted with an indeed other human and primate PyVs) is unknown, and the assumption is that this would represent a transient infection, but longitudinal studies should be performed. Similarly, papillomaviruses (PVs), which exhibit many similarities to PyVs with respect to dsDNA genome stability and host restriction, have been shown to lead to transient and potentially cross-species infections. A putative chimpanzee PV type was detected transiently in skin swabs from an animal keeper; however, it was not possible to distinguish whether it was contamination from chimpanzees or represented an established infection [37] . Pimenoff and colleagues recently made the intriguing proposal that oncogenic HPV16 may have arisen following sexual transmission between archaic and modern human ancestors and subsequent host-switching events [38] . Interestingly, García-P erez and co-workers reported that strict host specificity does not occur for PVs in free-ranging Iberian bats (Eptesicus serotinus), as they found evidence of host-switching events, with EserPV2 and EserPV3 infecting two different bat species (E. serotinus and E. isabellinus), and the authors recommended a revision of the paradigm of strict host specificity in PVs [39] .
A primary concern with all PCR-based studies is the theoretical possibility of cross-contamination of test samples and/or the question of whether amplified DNA sequences may be derived from laboratory contaminants [7] . We think that in this case this is unlikely for the following reasons: (1) the detection of the near-identical (99.9 % identity) R. blasii PyV 1 and R. simulator PyV 4 in cases SUB13_13 and SUB13_31, respectively, by qPCR in both spleen and kidney tissue, but not in other tissue extracts from other horseshoe bats; (2) the sequencing of the LTAg sub-genomic fragments derived from spleen and kidney tissues for these SUB13_13 and SUB13_31 cases was identical with respect to each other for each bat host species in the different tissues and, importantly, harboured the two distinguishing single nucleotide polymorphisms in the LTAg in each tissue in each case; (3) the mtDNA cytb sequencing from the kidney extract genomic DNA corroborated the species designations with 100 % identity over the target region to their respective bat species, as previously identified in splenic tissue. Taken together, these points argue strongly against sample crosscontamination being responsible for the findings, and they suggest that the findings represent bona fide infections of the bat hosts, and that the detection of near-identical PyVs in separate hosts supports our view that host-switching events have occurred in horseshoe bats. We cannot definitively determine whether these represent transient or productive infections, but detection of the viruses in different tissues and at low titre is indicative of systemic infection and, speculatively, latent infections. It is important to note that the horseshoe bat species were collected from the same Zambian cave and so, conceivably, the infections may not persist long-term. The detection of the PyVs, particularly asterisk. For ease of illustration, branch lengths were not maintained in enlarged views of species groups. GenBank accession numbers for the Rhinolophus nuclear intron sequences are provided in Table S2 . Fig. 4 . Cophylogenetic comparison of Rhinolophus horseshoe bats and Rhinolophus polyomaviruses. In black, the topology of the host bats, in blue the topology of the PyVs, with the events deduced by Jane. Right: explanation of the symbols for the events in the solution; the arrows indicate the direction of the host switch, the circles in the nodes indicate possible cospeciation with the hosts, the discs along the branches indicate possible points of duplication and the broken lines represent loss events, which occur when the current data lack support to assume that the virus diverged from the host.
R. blasii PyV 1 and R. simulator PyV 4 in R. blasii and R. simulator, respectively, in additional populations would strengthen the finding of an evolutionarily meaningful transmission event.
Host-switching events have not been conclusively demonstrated for mammalian PyVs, [3, 5] . Despite the recent discovery of numerous highly divergent human PyVs [40, 41] , the widespread exposure to SV40 PyV in human populations without productive transmission [6, 7] , and the lack of evidence for zoonotic events involving livestock and domestic pet-associated PyVs, lead us to conclude that PyV hostswitching events in mammals are extremely rare. For avian PyVs, however, promiscuous infection of a diverse range of hosts has been seen for Aves polyomavirus 1, and thus the naming scheme, using a higher taxonomic classification, was amended to account for these observations [3, 11] . The avian PyVs display a number of other noteworthy biological properties in addition to wide host ranges when compared to mammalian PyVs, including broad tissue tropism, the absence of oncogenic effects and pronounced pathogenicity [9, 11] .
Emerging infectious diseases arise largely from host shifts, where a pathogen is acquired from another host species [42, 43] . These spillover events have occurred between both closely and distantly related hosts, and there are no known strict factors that predict the susceptibility of a new host [44] .
The new target host species must first be exposed to the virus, with this being followed by replication in the new host and sufficient onward transmission to allow spread and maintenance in the new host species population [45] . Host relatedness is one factor that can potentially affect whether a virus can replicate in a new host species [46, 47] . The extent to which host relatedness influences host-switching between virus families is unclear; however, the available evidence suggests that RNA viruses may be particularly prone to hostswitching between distantly related hosts [45] .
Our findings, which suggest that highly stable DNA viruses with strict host specificity, like PyVs, are capable of shortrange host-switching in horseshoe bats, have implications for zoonotic transmission events involving high-consequence pathogens in this bat host. We can speculate that certain highly speciose and globally widespread bat host genera, such as horseshoe bats, which show roosting behaviour in large colonies and exhibit morphological stasis and potentially a diversity of viral receptors, may be particularly susceptible to infection by viral agents and provide a reservoir for the generation of recombinant progeny that can facilitate host-switching events. For example, the severe acute respiratory syndrome (SARS) coronavirus (SCoV) was identified as the causative agent of a severe atypical pneumonia that began in Guangdong Province, China in late 2002 [48] . Carnivores, such as palm civets and raccoon dogs, were found to harbour SCoVs and are now considered to have been the likely immediate source of the SARS epidemic [49, 50] . Subsequently, Rhinolophus species were found to harbour a diverse group of SARS CoV-like CoVs (SLCoV) and thus may be the natural reservoir of SLCoVs and SCoVs [51, 52] . Specifically, the Chinese rufous horseshoe bat (Rhinolophus sinicus) has been suggested to carry the direct ancestor of SCoV [53] and phylogenetic analysis suggested that the human SCoVs are phylogenetically closer to SLCoVs in R. sinicus than to SLCoVs in other Rhinolophus species; however, diverse SLCoVs continue to be identified in Rhinolophus species [54] . Whether co-infection of rhinolophid bat species with PyVs impacts upon the prevalence or transmission of CoVs and other pathogens warrants further study.
Host phylogeny is considered to be an important factor influencing viral persistence and replicative capacity in new host species, and it has been suggested this can assist with the prediction of the source of new emerging diseases [46] . The phylogenetic and taxonomic relationships within the horseshoe bats (Rhinolophidae), and the closely related leafnosed bats (Hipposideridae), are unclear [26] . Recent phylogenetic studies on these groups have suggested that introns are a promising and trustworthy molecular marker relative to exon and mtDNA datasets [24, 26] . Attempts have been made to mitigate issues arising with mtDNA-based host speciation, such as introgression, the existence of nuclear mtDNA copies, non-neutral evolution and heteroplasmy. These include employing nuclear intron markers (allied with mtDNA sequencing) to improve the phylogenetic resolution of species. A phylogenomic study of extant bird species discovered that nuclear introns were the best performing markers for recovering the true species tree derived from whole-genome sequencing [55] . Previously, human PyVs 1 and 2 (BK and JC PyVs) have been employed extensively to study human migrations due to the stability of the viral genomes [56] [57] [58] [59] , although others have suggested that JCV has not strictly codiverged with human populations [60] . Whether a similar approach could be employed for bats to refine population history using PyVs allied with host genomic sequencing would be interesting to investigate.
The existence of cryptic taxa within the horseshoe bats, particularly within the fumigatus group, has been described previously [24, 61] . The horseshoe bat SUB12_17, from which we previously identified as Rhinolophus hildebrantii polyomavirus 1 (LC185217 [20] ), was based on 100 % identity over 1 kb of the cytb fragment (LC270144) to a Rhinolophus hildebrantii (KU531542) that was also identified from the same Leopard's Hill cave in Zambia. When we analysed the six-nuclear-intron dataset for SUB12_17 for the present study, the species designation was R. cf. mossambicus within the fumigatus group (Figs 3 and S5) . R. mossambicus is a newly described taxon [62] . However, the status of R. mossambicus is unclear. Based on mtDNA, R. mossambicus forms a well-defined clade [24] , however, at the nuclear level it is less clear where this cryptic taxon groups with R. fumigatus from Namibia [24] . Essentially, all of the fumigatus group species need to be sampled across their full distributions and analysed together using multiple neutral loci before definitive conclusions on the complex taxonomy of this group can be made. We therefore considered renaming Rhinolophus hildebrantii polyomavirus 1 as Rhinolophus fumigatus species group polyomavirus, however, only binomial classification is possible based on ICTV rules [3] . Thus, for some host species with cryptic taxa, a finer phylogenetic resolution of host species is likely to uncover further issues for highly related host species that are not recognized by employing mtDNA typing alone. We stress that the above does not impact upon the speciation within the euryale group (R. blasii) and the capensis group (R. simulator), where taxa are more robustly defined and cryptic taxa are far rarer. Therefore, the major conclusion of the present study, that there is evidence of short-range host-switching events for horseshoe bat PyVs, is unaffected. Finally, and similar to the existence of higher order classification systems for Aves polyomavirus 1, where strong evidence for longrange host-switching has occurred, necessitating a modification of the requirement for a binomial host classification, in the present study we named the PyVs in the chronological order of their discovery, despite the evidence of the same species in different hosts. Whether this necessitates an alternative nomenclature, such as Rhinolophus polyomavirus 1, Rhinolophus polyomavirus 2, etc. for mammalian genera, where short-range host-switching now appears possible, requires adjudication and will also be informed by further characterization of the PyVs present in this highly speciose mammalian genus.
The bats in the present study were collected as part of a survey for haemorrhagic fever viruses in Zambia, which necessitated the collection of tissues [63, 64] . After testing for haemorrhagic fever viruses, the collected samples were kept at À80 C and reused for surveillance of other pathogens, including PyVs. In mammals, PyVs have been detected in various tissues; for instance, Myotis PyVs were detected from pooled liver and spleen tissues, and we previously detected a Rhinolophus PyV from spleen [20, 21] . Therefore we examined splenic and kidney tissue in this study. The novel Rhinolophus Alphapolyomaviruses identified in the present study are genetically related to Human polyomavirus 12, which was previously detected in postmortem biopsies from the lymph node (9.1 %), spleen (4.9 %) and liver (3.2 %), with no detection in other tissues [65] . In this study, we performed a limited analysis of the distribution of the novel PyVs in just two tissues, and the detected genome copy number was low, even in splenic, and particularly kidney, tissues. We may need to examine some organs for certain high-consequence pathogens, such as haemorrhagic fever viruses, because they have low copy numbers in blood or urine, and because of their tissue tropism. Whether noninvasive approaches, employing faeces, saliva or wing/tail biopsies, can be employed to examine bat PyV diversity and detect the novel viruses from the present study and discover new agents in horseshoe bats could be examined in the future.
The estimated time to the most recent common ancestor for R. blasii and R. simulator is approximately 12.4 million years before the present [24] . Therefore, some, or all, of the other bat species contained within the ferrumequinium, fumigatus, capensis and euryale groups (see Fig. 3 ), and potentially other more distantly related species groups within the horseshoe bats (Rhinolophidae), and even within the sister taxon of Old World leaf-nosed bats (Hipposideridae), could potentially be susceptible to the PyV species we have identified as infecting both R. blasii and R. simulator hosts. Understanding what conditions are required for viruses to switch between different host species is important to attempt to mitigate future zoonotic and epizootic events, and to better understand the nature of host specificity. The mammalian PyVs have represented a model for strict host specificity, with host-switching events being considered exceptional. The findings in the present study, however, suggest that, at least for certain bat genera, this may not be the case. Further work is required to investigate the speciose Rhinolophidae to ascertain whether the novel PyVs detected in the present study as showing evidence of host-switching are present in this broadly distributed Old World bat genus, and whether PyV host-switching is more common in this, and other, mammalian genera.
METHODS
Sample collection and genomic DNA extraction Rhinolophus spp. (n=33) were captured in the Leopard's Hill Cave, Lusaka, Zambia (15 36 .132¢ S, 28 43 .457¢ E) in 2013 during a routine survey of haemorrhagic fever viruses. Ethical approval to undertake the present study was provided by the then Zambia Wildlife Authority (ZAWA), which is now the Department of National Parks and Wildlife, Ministry of Tourism and Arts, Zambia. The study was performed with permission from ZAWA, following the guidelines contained in [66] (no.12 of 1998; http://extwprlegs1.fao.org/docs/ texts/zam50734.doc). The collected tissues were kept at À80 C until they were used for the survey of other pathogens. Genomic DNA was extracted from bat splenic and kidney tissue samples employing the QIAamp DNA minikit (Qiagen) exactly per the manufacturer's instructions.
PyV broad-spectrum and inverse PCRs
The partial PyV VP1 and VP3-VP1 fragments were amplified employing a nested PCR strategy with degenerate broad-spectrum oligonucleotides as previously described [28] . The primary PCR was performed with approximately 100 ng of bat spleen genomic DNA and a proof-reading Taq DNA polymerase, the High Fidelity PCR Master kit (Roche), in 20 µl final volumes with the following thermocycling conditions: 1 cycle of 94 C for 2 min followed by 45 cycles of 94 C for 30 s, 46 C for 1 min and 72 C for 1 min. The secondary PCR was performed by the addition of 0.5 µl of the primary PCR and the following thermocycling conditions: 1 cycle of 95 C for 5 min followed by 45 cycles of 94 C for 30 s, 56 C for 30 s and 72 C for 1 min, with a final extension of 72 C for 1 min. Amplicons of approximately 250 bp were visualized by electrophoresis on 1.5 % (w/v) agarose gels and direct sequencing of the PCR amplicons was performed on an ABI Prism 3100 genetic analyzer using Big Dye v 3.1 chemistry (Applied Biosystems). Full-length genomes were amplified from bat genomic DNA by inverse PCR using the PrimeSTAR MAX DNA polymerase (Takara), employing 300 nM of contiguous, oppositely facing oligonucleotide primers with the following thermocycling conditions: 40 cycles of 98 C for 10 s, 55 C or 60 C for 15 s and 72 C for 90 s. Approximately 5 kb amplicons were gel-excised and purified on columns using the MonoFas DNA purification kit I as described (GL Sciences) and cloned into the pCR-Blunt II-TOPO vector (Invitrogen).
Next-generation sequencing 1 µg of plasmid DNA from each of the pCR-Blunt II-TOPO PyV clones was sheared with an M220 ultrasonicator (Covaris). Then barcoded libraries were constructed with the Ion Xpress Plus gDNA fragment library preparation kit (Life Technologies). Emulsion PCR and sequencing were performed using the Ion PI Hi-Q OT2 200 kit, Ion PI Chip v3 and the Ion PI Hi-Q Sequencing 200 kit on the Ion Proton system (Life Technologies). The default parameters on the Ion Torrent suite version 4.6 (Life Technologies) were used for base calling and the assignment of barcodes to the reads and FASTQ files were imported into CLC Genomics Workbench version 10.0.1 (CLC Bio, Qiagen) for further analysis. The PyV genomes generated by NGS were confirmed by Sanger sequencing on an ABI Prism 3100 genetic analyzer using Big Dye v 3.1 chemistry (Applied Biosystems) and a primer walking approach.
Species identification of horseshoe bats
The species identification of all horseshoe bat samples was initially performed by the amplification of a partial (931 bp) fragment of the bat mitochondrial cytb gene using Rhinolophus cytb primers RhinoCytbF1 and RhinoCytbR1 (see Table S3 ) from 100 ng of bat spleen genomic DNA in 50 µl final volumes with the PrimeSTAR MAX DNA polymerase (Takara) and the following thermocycling conditions: 45 cycles of 98 C for 10 s, 55 C for 15 s and 72 C for 30 s, followed by a final extension of 72 C for 7 min. For PyV-positive samples (n=6), nuclear intron fragments (ABHD11, ACOX2, COPS7A, BGN, ROGDI and STAT5A) were amplified from bat genomic DNA as described in [24] , and using the following touchdown thermal cycling conditions: 1 cycle of 95 C for 1 min, followed by 10 cycles of 98 C for 10 s, 65 to 56 C with a 1 C decrease in temperature per cycle, 72 C for 30 s, and then 35 cycles of 98 C for 10 s, 55 C for 15 s and 72 C for 30 s, followed by a final extension of 72 C for 7 min. IUPAC codes were employed for heterozygous loci.
Real-time PCR and LTAg sequencing
Real-time PCR assays with oligonucleotide primers and minor groove-binding (MGB) probes (Eurofins) targeting the variable NCCR were designed to specifically detect R. blasii polyomavirus 1/R. simulator polyomavirus 4, R. blasii polyomavirus 2 and R. simulator polyomavirus 4. The host 18S rRNA gene was amplified as an endogenous control using a Taqman gene expression assay for eukaryotic 18S rRNA (Hs99999901_s1, Applied Biosystems). Assays were performed with Thunderbird probe qPCR mix (Toyobo), 100 ng of bat spleen genomic DNA, 400 nM of primers and 100 nM of MGB probe on a StepOnePlus real-time PCR system (Applied Biosystems) with the following thermocycling conditions: 1 cycle of 95 C for 1 min, followed by 40 cycles of 95 C for 15 s and 60 C for 60 s. A 1.5 kb region of the LTAg was amplified from real-time PCR positive samples with PrimeSTAR MAX DNA polymerase (Takara) with 100 ng of bat spleen genomic DNA and 300 nM of PyV-specific oligonucleotide primers and the following thermocycling conditions: 40 cycles of 98 C for 10 s, 55 C for 15 s and 72 C for 60 s, followed by a final extension of 72 C for 7 min. Amplicons were bidirectionally sequenced. From kidney genomic DNA extracts with high C T values, a 1.4 kb region of the LTAg was amplified from real-time PCR positive samples by nested PCR with Tks Gflex DNA polymerase (Takara) with 100 ng of bat kidney genomic DNA and 300 nM of PyV-specific oligonucleotide primers and the following thermocycling conditions: 94 C for 1 min, followed by 40 cycles of 98 C for 10 s, 60 C for 15 s and 68 C for 60 s for both primary and secondary reactions, Amplicons were bidirectionally sequenced. All oligonucleotide primers, MGB probes and sequencing primers are listed in Table S3 .
Phylogenetic analysis (virus)
The pairwise identity of the LTAg coding sequences was calculated with Sequence Demarcation Tool (SDT) v 1.2 [67] . The nucleotide and amino acid sequences of the genes and proteins were multiple sequence-aligned with MAFFT under the algorithm FFT-NS-i [68] . Phylogenetic trees were inferred using MrBayes v 3.2, allowing chains with sufficient generations to ensure that the standard deviations of the split frequencies were <0.01 after 10 6 states and 25 % of the first states were burned [69] , as described previously [70] . The analysis of the LTAg protein used a mixed substitution model to explore the best substitution model for inferring the topology; additionally, the Bayesian inferred topology was tested under a maximum-likelihood approach with RAxML [71] with a 100-repetition bootstrap. The cophylogenetic hypothesis was tested with Parafit, implemented in the R package 'ape', by testing the inferred phylogenetic tree of the three host bat species against the phylogenetic tree of the seven PyV sequences. In addition, by using the same phylogenetic trees, the cophylogeny reconstruction problem was solved with the program Jane 4 and the associated costs for the cophylogenetic solution as: cospeciation, 0; duplication, 1; duplication and host switch, 3; loss, 1; failure to diverge, 1.
The age of the most recent common ancestors for the viral samples isolated from Rhinolophus was estimated with Bayesian analyses conducted as 4 independent MCMC chains of 10 million generations each, sampled every 1000 generations (BEAST 1.8 [72] ). The LTAg gene was used to infer the divergence times, due to its stability in mammalian PyVs [20] . The general time-reversible substitution model with gamma-distributed rate variation across sites and a proportion of invariable sites (GTR+G+I) was assumed. The other settings were: linked substitution rates for the first and second codon positions, while allowing independent rates in the third position, and a constant population under an uncorrelated lognormal relaxed molecular clock to accommodate rate variation among lineages. The substitution rates and other calibrations were assigned following Buck et al. [4] , [73] .
Phylogenetic analysis (bat hosts)
The cytb fragments and intronic data generated in the current study were aligned with previously published mtDNA and nuclear data for this group of taxa [24] . The two datasets were analysed separately using Bayesian phylogenetic reconstruction exactly as described in [24] . The Bayesian analyses were conducted in BEAST v 1.8.4. The six nuclear introns were combined in a fully partitioned analysis that consisted of three independent chains of 10 million generations each. The tree priors included Yule speciation and a strict clock.
Interspecific divergence dates for the taxa of interest in the current study were taken directly from the divergence estimates in [24] , which were made by constraining the age of the root of Rhinolophidae based on dates available in [26] . 
